Searches for exclusive Higgs and Z boson decays into J/ψ γ, ψ(2S) γ, and Υ(nS) γ at √ s = 13 TeV with the ATLAS detector The 
Introduction
covers the range |η| < 2.4 with resistive plate chambers in the barrel and thin gap chambers in the endcap regions.
A two-level trigger and data acquisition system is used to record events for offline analysis [36] . The level-1 trigger is implemented in hardware and uses a subset of detector information to reduce the event rate to at most 100 kHz. It is followed by a software-based high-level trigger which filters events using the full detector information and outputs events for permanent storage at an average rate of 1 kHz.
Data and simulated data
The search is performed with a sample of pp collision data recorded at a centre-of-mass energy √ s = 13 TeV corresponding to an integrated luminosity of 36.1 fb −1 . The integrated luminosity of the data sample has an uncertainty of 2.1% derived using the method described in Ref. [37] . Events are retained for further analysis only if they were collected under stable LHC beam conditions and all relevant detector components were fully functional.
The data samples used in this analysis were collected by a combination of two triggers [36] . The first required an isolated photon with transverse momentum p γ T greater than 35 GeV and at least one muon with p µ T greater than 18 GeV. The second required an isolated photon with p γ T > 25 GeV and a muon with p µ T > 24 GeV. The use of two triggers with differing transverse momentum thresholds on the photon and muon objects offers an increased trigger efficiency with respect to the case of either trigger used alone.
Higgs boson production was modelled using the P -B v2 Monte Carlo (MC) event generator [38] [39] [40] [41] [42] with CT10 parton distribution functions [43] for the gluon-gluon fusion (ggH) and vector-boson fusion (VBF) processes. Both processes were calculated up to next-to-leading order (NLO) in α S . P -B was interfaced with P 8.186 [44, 45] to model the parton shower, hadronisation, and underlying event with the AZNLO set of tuned parameters [46] . Additional contributions from the associated production of a Higgs boson and a W or Z boson (denoted W H and Z H, respectively) were modelled by the P 8.186 event generator [44, 45] with NNPDF23LO parton distribution functions [47] and the A14 set of tuned parameters for hadronisation and the underlying event [48] . The production rates for the SM Higgs boson with m H = 125 GeV, obtained from the compilation in Ref. [27] , are assumed throughout this analysis. The ggH production is normalised such that it reproduces the total cross section predicted by a nextto-next-to-next-to-leading-order QCD calculation with NLO electroweak corrections applied [49] [50] [51] [52] . The VBF production is normalised to an approximate next-to-next-to-leading-order (NNLO) QCD cross section with NLO electroweak corrections applied [53] [54] [55] . The production of W H and Z H is normalised to cross sections calculated at NNLO in QCD with NLO electroweak corrections [56, 57] including the NLO QCD corrections [58] for gg → Z H. The production of a Higgs boson in association with tt (ttH) or bb (bbH) is accounted for by scaling the total cross section used to normalise the ggH signal sample, assuming the signal efficiency of these processes to be equal to that for ggH. The addition of ttH and bbH to the ggH signal changes the acceptance by less than 1%.
The P -B v2 event generator was also used to model inclusive Z boson production. P -8.186 [44, 45] with CTEQ6L1 parton distribution functions [59] and the AZNLO set of hadronisation and underlying-event parameters [46] was used to simulate parton showering and hadronisation. The prediction is normalised to the total cross section obtained from the measurement in Ref. [60] , which has an uncertainty of 2.9%. This conservatively assumes the luminosity component of the uncertainty to be completely uncorrelated with that of this search.
The Higgs and Z boson decays were simulated as a cascade of two-body decays, accounting for effects of the quarkonium helicity on the µ + µ − kinematics. The quarkonium state is simulated to be transversely polarised in the case of the Higgs boson decay and longitudinally polarised in the case of the Z boson decay [34] . The branching fractions for the decays Q → µ + µ − are taken from Ref. [61] . The simulated events were passed through the detailed G 4 simulation of the ATLAS detector [62, 63] and processed with the same software used to reconstruct the data.
Event selection for
Muons are reconstructed from ID tracks combined with independent muon spectrometer tracks or track segments [64] and are required to have p µ T > 3 GeV and pseudorapidity |η µ | < 2.5. Candidate Q → µ + µ − decays are reconstructed from pairs of oppositely charged muons consistent with originating from a common vertex. The highest-p T muon in a pair, called the leading muon in the following, is required to have p µ T > 18 GeV. Dimuons with a mass m µ + µ − within 2.0 < m µ + µ − < 4.2 GeV are identified as ψ(nS) → µ + µ − candidates. Dimuons with 8.0 < m µ + µ − < 12.0 GeV are considered to be Υ(nS) → µ + µ − candidates.
Selected Q → µ + µ − candidates are subjected to isolation and vertex-quality requirements. In this case, the primary pp vertex is defined as the reconstructed vertex with the highest Σ i p T 2 i of all associated tracks used to form the vertex. The sum of the p T of the tracks within ∆R = (∆φ) 2 + (∆η) 2 = 10 GeV/p µ T (with a maximum ∆R of 0.3) of the leading muon is required to be less than 6% of the muon p T [65] . To mitigate the effects of multiple pp interactions in the same or neighbouring bunch crossings, only ID tracks that originate from the primary vertex are considered. The transverse momentum of the ID track associated with the leading muon is subtracted from the sum, and the subleading muon is also subtracted if it falls within the isolation cone. To reject backgrounds from b-hadron decays, the signed projection of the Q candidate's flight distance between the primary pp vertex and the dimuon vertex onto the direction of its transverse momentum is required to be less than three times its uncertainty.
Photons are reconstructed from clusters of energy in the electromagnetic calorimeter. Clusters without matching ID tracks are classified as unconverted photon candidates while clusters matched to ID tracks consistent with the hypothesis of a photon conversion into e + e − are classified as converted photon candidates [66] . Reconstructed photon candidates are required to have transverse momentum p γ T > 35 GeV and pseudorapidity |η γ | < 2.37, excluding the barrel/endcap calorimeter transition region 1.37 < |η γ | < 1.52, and to satisfy the "tight" photon identification criteria [66] . Isolation requirements are imposed to further suppress the contamination from jets. The sum of the transverse momenta of all tracks originating from the primary vertex, within ∆R = 0.2 of the photon direction, excluding those associated with reconstructed photon conversions, is required to be less than 5% of p γ T . In addition to this track isolation criterion, a calorimeter isolation criterion is applied where the sum of the transverse momenta of calorimeter energy clusters within ∆R = 0.4 of the photon direction, excluding the transverse energy of the reconstructed photon, is required to be less than 2.45 GeV + 0.022p γ T . The effects of multiple pp interactions in the events are also accounted for in the calorimeter isolation measurements.
Combinations of a Q → µ + µ − candidate and a photon satisfying ∆φ(Q, γ) > π/2 are retained for further analysis. When multiple combinations are possible, a situation that arises in only a few percent of the events, the combination of the highest-p T photon and the Q candidate with an invariant mass closest to the respective quarkonium mass is retained. To improve the sensitivity of the Υ(nS)γ analysis in resolving the individual Υ(nS) states, the events are classified into two exclusive categories based upon the pseudorapidity of the muons. Events where both muons are within the region |η µ | < 1.05 constitute the "barrel" (B) category. Events where at least one of the muons is outside the region |η µ | < 1.05 constitute the "endcap" (EC) category.
To maintain a single search region, while ensuring near-optimal sensitivity for both the Higgs and Z boson analyses, the transverse momentum of the Q candidate p Q T is required to be greater than a value that varies as a function of the invariant mass of the three-body system m Qγ . For the ψ(nS) 
Signal modelling
For the ψ(nS) γ → µ + µ − γ final state, the total signal efficiencies (kinematic acceptance, trigger, reconstruction, identification, and isolation efficiencies) are 19% and 11% for the Higgs and Z boson decays, respectively. The corresponding efficiencies for the Υ(nS) γ → µ + µ − γ final states are 22-23% and 15-16%, respectively. The difference in efficiency between the Higgs and Z boson decays arises primarily from the softer p Accounting for quarkonium helicity effects in the Q → µ + µ − decays leads to a 3-4% decrease of the expected Higgs boson efficiency and a corresponding 6-9% increase of the expected Z boson efficiency, relative to the efficiency for an isotropic decay.
The m µ + µ − γ resolution is 1.6-1.8% for both the Higgs and Z boson decays. For each of the final states, a two-dimensional (m µ + µ − γ and m µ + µ − ) probability density function (pdf) is used to model the signal. The Higgs boson signals are modelled with two-dimensional multivariate Gaussian distributions, which retain the correlation between m µ + µ − γ and m µ + µ − of the final states. For the Z boson decays, the m µ + µ − γ distributions of the signal are modelled with Voigtian pdfs (a convolution of Breit-Wigner and Gaussian pdfs) corrected with mass-dependent efficiency factors, and the m µ + µ − distributions are modelled as Gaussian pdfs.
The m µ + µ − distribution for selected ψ(nS) γ candidates, which pass the background generation region criteria described in Section 6, is shown in Figure 2 
Background modelling
The dominant source of background exhibits a non-resonant m µ + µ − γ distribution and is composed of two distinct contributions: genuine Q → µ + µ − decays and non-resonant dimuon production. The decay Before selection
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The leading muon candidate is denoted by p µ1 T and the subleading candidate by p µ2 T . The hatched histograms denote the full event selection while the dashed histograms show the events at generator level that fall within the analysis geometric acceptance (both muons are required to have |η µ | < 2.5 while the photon is required to have |η γ | < 2.37, excluding the region 1.37 < |η γ | < 1.52). The dashed histograms are normalised to unity, and the relative difference between the two sets of distributions corresponds to the effects of reconstruction, trigger, and event selection efficiencies.
Z → µ + µ − γ with final-state radiation (Z FSR) constitutes a further, smaller background contribution exhibiting a characteristic resonant structure in the m µ + µ − γ distribution.
The m µ + µ − γ continuum background is modelled with a non-parametric data-driven approach using templates to describe the kinematic distributions. The normalisation of the background is extracted directly from a fit to the data. The shape of the background model in the final discriminant variable is also profiled in the fit. A similar procedure was used in the earlier search for Higgs and Z boson decays into J/ψ γ and Υ(nS) γ [28] and the searches for Higgs and Z boson decays into φ γ and ρ γ [30, 31] . The background model uses a sample of 5500 ψ(nS) γ and 2300 Υ(nS) γ candidate events. These events pass all of the kinematic selection requirements described previously, except that the photon and Q candidates are not required to satisfy the nominal isolation requirements and a looser minimum p Q T requirement of 30 GeV is imposed. These events define the background-dominated "generation region" (GR). From these events, pdfs are constructed to describe the distributions of the relevant kinematic and isolation variables and their most important correlations. The data control samples are corrected for contamination from Z → µ + µ − γ decays.
The pdfs of these kinematic and isolation variables are sampled to generate an ensemble of pseudocan-didates, each with complete Q and γ four-vectors and the associated Q and photon isolation values. The important correlations among the kinematic and isolation variables of the background events, in particular between p Q T and p γ T , are retained in the generation of the pseudocandidates through the following sampling scheme:
• Initially, a value for p Q T is sampled from the corresponding pdf.
• The distribution of p • The distributions of the pseudorapidity difference between Q and γ, ∆η(Q, γ), the photon calorimeter isolation variable, and their correlations are parameterised in a binned two-dimensional distribution in the same bins of p Q T used to describe the p γ T and muon isolation variables.
• Given the selected values of relative photon calorimeter isolation and p Q T , a value for the relative photon track isolation is sampled.
• Given the selected values of ∆η(Q, γ) and p Q T , a value is sampled for the azimuthal angular separation between Q and γ, ∆φ(Q, γ).
• Values for η Q and φ Q are sampled from a binned histogram of the corresponding distributions in the data control sample. These are combined with ∆η(Q, γ) and ∆φ(Q, γ) to give the values of η γ and φ γ .
• A value for m Q is sampled from within the required region of m µ + µ − . Separate pdfs are used to describe the m µ + µ − distributions of resonant ψ(nS) and Υ(nS) production and non-resonant dimuons, which is referred to as "combinatoric" in the following.
The use of this procedure ensures a good description of the background and avoids any reliance on the accuracy or limited sample size of simulated background events.
The nominal selection requirements are imposed and the surviving pseudocandidates are used to construct templates for the m Q γ distributions which are then smoothed using a Gaussian kernel density estimation [67] . Potential contamination of the GR sample from signal events is expected to be negligible, and it was verified, through signal injection tests, that such a potential signal contamination would not affect the shape of the background model.
The normalisation of the exclusive background from Z FSR is determined directly from the fit to the data. The shape of this background in the m µ + µ − γ distribution is modelled with a Voigtian pdf, while the m µ + µ − distribution is modelled with a first order polynomial. The parameters of the former pdf are derived from the simulated Z → Q γ signal samples. The parameters of the latter pdf are determined directly in the fit to data.
To validate this background model with data, the m Q γ distributions in several regions defined by kinematic and isolation requirements looser than the nominal signal requirements are used to compare the prediction of the background model with the data. Three validation regions are defined using the GR selection as the basis and adding either the p Q T requirement (VR1), or the muon isolation requirements (VR2), or the photon isolation requirement (VR3). The m Q γ distributions in these validation regions are shown in Figure 3 for the ψ(nS) γ and the Υ(nS) γ final states. The background model is found to describe the data well in all validation regions. 
Systematic uncertainties
The systematic uncertainties in the expected signal yields are summarised in Table 1 . Uncertainties in the Higgs production cross sections are obtained from Ref.
[27]. The Z boson production cross section uncertainty is taken from the measurement in Ref. [60] .
The uncertainty in the acceptance of the Higgs boson signal due to missing higher orders in the generator, parton distribution functions, underlying-event set of tuned parameters, and parton showering is estimated by studying the effect of the different variations on the acceptance at generator level. The total uncertainty in the acceptance due to these effects is estimated to be 1.8%. For the Z boson, the respective uncertainty is determined to be 6% by comparing the generator-level acceptance predictions of the nominal simulated sample with those of M 5_ MC@NLO v2. The photon energy scale uncertainty, determined from Z → e + e − events and validated using Z → γ events [72, 73] , is propagated through the simulated signal samples as a function of η γ and p γ T . The uncertainty associated with the determination of the photon energy scale and resolution in the simulation is 0.3% in the yield of the Higgs and Z boson signal. Similarly, the systematic uncertainty associated with the scale of the muon momentum measurement is 0.2% [65] . The effect of the energy/momentum scale and resolution uncertainties on the signal shape is negligible for the Higgs and Z boson signals. For the Z FSR background shape, the effect is 0.2% on the mean value of the m µ + µ − γ distribution. Including the corresponding nuisance parameter results in a 0.5% change in the expected limit of the Z → Υ(nS)γ channels with negligible impact in the other channels.
The shape of the background model is allowed to vary around the nominal shape, and the parameters controlling these systematic variations are treated as nuisance parameters in the maximum-likelihood fit described in Section 8. Three such shape variations are implemented through scale variations on the p γ T distribution in the model, linear distortions of the shape of the ∆φ(Q, γ) distribution, and a global tilt of the three-body mass distribution around a pivot point. The first two variations are straightforward alterations to the underlying kinematics of the pseudocandidates, which cause corresponding changes in the three-body mass. The third variation is applied directly to the final three-body mass template. These systematic uncertainties allow the background template to adjust to the observed distribution in data. 
Results
The data are compared with background and signal predictions using a two-dimensional (2D) simultaneous unbinned maximum-likelihood fit to the m µ + µ − γ and m µ + µ − distributions. A simultaneous 2D fit is required to distinguish the Z FSR background from the Z → Qγ signal and the non-resonant background. The parameters of interest are the Higgs and Z boson signal normalisations. Systematic uncertainties are modelled using additional nuisance parameters in the fit; in particular, the background normalisations are free parameters. The fit uses the selected events with m Qγ < 300 GeV.
In total, 1033 events were observed in the ψ(nS) γ and 906 in the Υ(nS) γ signal regions. The expected and observed numbers of background events within the m Q γ ranges relevant to the Higgs and Z boson signals are shown in Table 2 . The results of the background-only fits for the ψ(nS) γ and Υ(nS) γ analyses are shown in Figure 4 . Table 2 : The number of observed events and the mean expected background, with its total uncertainty, for the m Q γ ranges of interest. The expected Z and Higgs boson contributions are shown for branching fraction values of 10 −6 and 10 −3 , respectively. These values are motivated by the expected sensitivity of the search to the respective branching fractions.
Observed (expected background) Z signal H signal m µ + µ − γ mass range [GeV] for for 81-101 120-130 B = 10 −6 B = 10 −3 J/ψ γ 2.9-3.3 92 (89 ± 6) 20 (23.6 ± 1.3) 13.7 ± 1.1 22.2 ± 1.9 ψ(2S) γ 3.5-3.9 43 (42 ± 5) 8 (10.0 ± 0.8) 1.82 ± 0.14 2.96 ± 0.25 Υ(1S) γ 9.0-10.0 115 (126 ± 8) 9 (13.6 ± 1.2) 7.8 ± 0.6 10.7 ± 0.9 Υ(2S) γ 9.5-10.5 106 (121 ± 8) 8 (12.6 ± 1.4) 5.9 ± 0.5 8.1 ± 0.7 Υ(3S) γ 10.0-11.0 112 (113 ± 8) 7 (10.6 ± 1.2) 7.1 ± 0.6 9.2 ± 0.8
The systematic uncertainties described in Section 7 result in a 1.0% increase of the expected 95% CL upper limit on the branching fraction of the H → ψ(nS) γ decays. For the Z → ψ(nS) γ decays, the effect is larger, 2.6%, mostly due to the systematic uncertainty in the background shape. Similar behaviour is observed in the Υ(nS) γ analysis with systematic uncertainties resulting in a 2.5-2.7% deterioration in the sensitivity to the H → Υ(nS) γ decays and a 2.8-2.9% deterioration in the sensitivity to the Z → Υ(nS) γ decays, also mostly due to the systematic uncertainty in the background shape.
On the basis of the fit to the observed data, the largest excess observed is 2.2σ in the search for Z → J/ψ γ. Upper limits are set on the branching fractions for the Higgs and Z boson decays into Q γ using the CL s modified frequentist formalism [74] with the profile-likelihood-ratio test statistic [75] and the asymptotic approximations derived in Ref. [76] . The expected SM production cross section is assumed for the Higgs boson [27] , while the ATLAS measurement of the inclusive Z boson cross section is used for the Z boson signal [60] , as discussed in Section 3. The results are summarised in Table 3 6.2 +3.0
3.8 +1.6
4.8
Summary
Searches for the exclusive decays of Higgs and Z bosons into J/ψ γ, ψ(2S) γ, and Υ(nS) γ have been performed with a [3] ATLAS and CMS Collaborations, [73] ATLAS Collaboration, Electron and photon energy calibration with the ATLAS detector using data collected in 2015 at 
Measurements of the Higgs boson production and decay rates and constraints on its couplings from a combined ATLAS and CMS analysis of the LHC pp collision data at
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